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ABSTRACT

We report spectroscopic observations on B atoms isolated in cryogenic parahydrogen
(pH,), normal deuterium (nD-), Ne, Ar, Kr, and Xe matrices, and of B, molecules in Ne, Ar, K,
and Xe matrices. The 2523 s(ZS) « 2s2p(*P) B atom Rydberg absorption suffers large gas-to-

matrix blue shifts, increasing from +3000 to +7000 cm’ in the host sequence: Xe <Kr<Ar~

Ne = nD;, ~ pH;. Much smaller shifts are observed for the 252p*(*D) « 25*2p(*P) B atom core-
to-valence transition. ':We assign pairs of absorption peaks spaced by ~ 10 nm in the 315 to 355
?Wg@egion to the B, (A T« X 3Zg') Douglas-Herzberg transition. We assign a much weaker

progression in the 260 to 300 nm region to the B, (2) M« X? Z, transition. We report a novel
progression of strong peaks in the 180 to 200 nm region which we suspect may be dueto B,
molecules, but which remains unassigned. Ultraviolet (UV) absorption spectra of B/pH, solids
show two strong peaks at 216.6 and 208.9 nm, which we assign to the matrix perturbed 2s23s(*S)
« 252p(*P) and 2s2p°(*D) « 2s2p(*P) B atom absorptions, respectively. This assignment is
supported by quantum path integral simulations of B/pH, solids reported in the following article
in this journal [J.R. Krumrine, S. Jang, G.A. Voth, and M.H. Alexander, J. Chem. Phys. XXX,
yyyy (zzzz)]. Laser induced fluorescence emission spectra of B/pH; solids show a single line at
249.6 nm, coincident with the gas phase wavelength of the 2s?3s(S) — 2s*2p(*P) B atom
emission. The UV laser irradiation results in photobleaching of the B atom emission and

absorptions, accompanied by the formation of B,He.
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I.  Introduction

There are surprisingly few reports on the electronic spectroscopy of B atoms and B,
molecules in the matrix isolation spectroscopy (MIS) literature. In fact, we find only three
manuscripts which include ultraviolet (UV) absorption spectra of B and B,, and these studies
were performed exclusively in Ar matrices.> Technical difficulties in evaporating elemental
boron cannot completely explain this situation, as there are several groups actively pursuing

electron spin resonance (ESR),*"? infrared (IR) absorption,'*? and electronic?*?’

spectroscopic
studies on matrix isolated molecules containing B atoms. Rather, we believe that
complementary experimental and theoretical results, essential to expanding upon the original
understanding® of the B/Ar and B,/Ar matrix spectra, have only recently become available (vide
infra).

Our work on trapping B atoms and small B, clusters in cryogenic matrices is performed
under the auspices of the U.S. Air Force's High Energy Density Matter (HEDM) Program.28 Our
ultimate goal is to incorporate large (~ 5 mol %) concentrations of these species as energetic
additives in Cryogenic Solid Propellants.”!. The payoff for success could be a revolutionary
improvement in the performance of chemical rocket propellants. Thermochemical calculations
predict that a fuel consisting of 5 mol % B atoms in solid hydrogen, when combusted with liquid
oxygen would deliver a ~ 20 % improvement in specific impulse:3 2 (Isp) over the state of the art

liquid oxygen/liquid hydrogen propellant system.*> I

sp is @ measure of the momentum transferred
to the rocket vehicle per mass of expended propellant, and is proportional to the mean velocity of
the exhausted "working fluid."** Since the propellant mass is a very large fraction of the mass of
a fully loaded space launch vehicle,* a 20 % increase in Isp can translate into a doubling or
tripling of the system's payload capacity.

The data reported in this manuscript have been collected over a period of several years; our
initial report of the UV absorption spectra of B atoms in normal hydrogen (nH;) and normal
deuterium (nD,) matrices appeared in 1994.>* Our improved comprehension of the spectroscopy
of B atom doped cryogenic solids was made possible by experimental and theoretical results on
the B-Ar, %7 B-Ne,*® and B-H,** interaction potentials, and on B/Ar*"* and B/H,**"! clusters
and solids. We note gratefully that these results have been obtained primarily by other HEDM
Program participants. This support of our experimental effort culminates in the companion paper

in this journal describing simulations of the UV absorption spectrum of B atoms isolated in solid



i e,

parahydrogen (pH,).”* Independent of the HEDM program, pioneering studies of the

photodynamics of Rydberg transitions of NO molecules trapped in solid hydrogen’ 357

convinced
us to accept the notion of very large (~ 1 eV) gas-to-matrix blue-shifts for B atom Rydberg
transitions in solid pH,. Finally, our analysis of the matrix spectra also benefit from updated gas-

phase spectroscopic observations>® %2 63-67

and quantum chemical calculations of the potential
energy curves of the B, molecule.

In what follows we describe the various experimental apparatus used to produce and
interrogate our B atomcand B, moleculédoped cryogenic solids. We will identify and assign
(where possible) the observed spectra of B atoms in the different rare gas (Rg) matrix hosts; our
new results require a revision to the original interpretation® of the B/Ar UV abéorption spectrum.
We present new UV spectra of B, molecules in the varioﬁs Rg matrices; including the well-
known Douglas-Herzberg,58 and another previously reported® but unassigned B, absorption band.
We also report a novel vibronic progression in the vacuum ultraviolet (VUV: A <200 nm)
region in spectra of B/Rg matrices which we cannot assign. We show UV absorption, and laser
induced fluorescence (LIF) éﬁﬁssion spectra of B/pH; solids which conclusively demonstrate the
trapping of unreacted B atoms. We also observe photobleaching of the B atom absorptions in
B/pHj, solids during UV irradiation, accompanied by the growth of the IR absorptions of B;Hs;
however, we defer a detailed discussion of the IR spectroscopy of these samples to a later time.
A comparison of the direct UV absorption and photobleaching difference spectra provides the
definitive absorption lineshape for comparison with the simulations in the companion paper. We

conclude with a qualitative discussion of B atom photodynamics in B/pH, solids.

II. Experimental

The spectra reported in this manuscript were recorded over several years of
experimentation utilizing different and constantly evolving apparatus. Figure 1 shows schematic
diagrams of the two canonical sample preparation geometries. The CLOSE geometry
experiments are distinguished by having the laser ablation of a rotating solid boron target take
place in the same vacuum chamber as the matrix deposition. The ablation target to deposition
substrate distance is typically ~ 3 cm. The deposition substrate (sapphire or BaF,) has
alternatively been cooled by: a 10 K closed-cycle He refrigerator (Ar, Kr, Xe hosts), a liquid
helium (IHe) transfer cryostat (nD,, Ne hosts), and a [He bath cryostat (pHy, nD,/Ne, Ne hosts).




Our |He bath cryostat provides a much lower base substrate temperature than the 1He transfer
cryostat (2 K vs. 3.5 K), but it permits controlled annealing to only T = 5 K.

TASSPI is an acronym for "Temporally And Spatially Specific Photolonization," our
technique for non-mechanical velocity selection of fast laser ablated metal atoms.®*”> We have
described matrix depositions using the TASSPI geometry in a manuscript on MIS of laser
ablated carbon species.” The TASSPI geometry is distinguished by having the laser ablation
process occur in a separate differentially pumped vacuum chamber; resulting in enhanced control

* over the ablation process as compared to ablation in the CLOSE geometry. First, by virtue of the
differential pumping arrangement, we expect greatly reduced interactions between uncondensed
matrix host gases and the laser ablated plume. Second, a pair of removable 2.5 cm diameter
permanent magnets providing a = 2 kG transverse magnetic field can be used to eliminate all but
the fastest charged species from the ablated plume. These advantages come at the cost of greatly
reduced delivered flux, due to the » 20 cm separation between the ablation target and the
deposition substrate.

We can tolerate this reduced dopant flux because of the millimeters-long absorption
pathlengths enabled by the exceptional optical clarity of the pH, solids produced using our Rapid
Vapor Deposition method.” We deposit pre-cooled pH, gas at flow rates ~ 100 mmol/hr, or
about 100 times faster than typical for Rg host matrix depositions. The pH, is produced in our
ortho/para (o/p) converter,” a catalyst-bed device consisting of an 1/8 inch outside diameter by
1.5 m long soft copper tube packed with 1.4 g of APACHI catalyst.”® This tubing is wound onto
an oxygen free high conductivity copper bobbin and potted in place with high thermal
conductivity epoxy; a dedicated closed-cycle He refrigerator cools the bobbin. Operating the o/p
converter at 15 K yields a flow of pre-cooled pH; gas with a residual oH; concentration ~ 0.01

&(‘&gg’ Q’_/g; this gas is delivered to the deposition substrate through a thin wall brass tube which impinges
g{\@! o upon the substrate at a 45° angle. Individual sample preparation details are given in each figure
caption.

We obtain VUV, UV, and IR absorption spectra, and LIF emission spectra, along the main
optical axis depicted in Figure 1. For the VUV and UV absorption spectra, we employ an optical
multichannel analyzer (OMA) consisting of an /3.8, 275 mm focal length polychromator
equipped with a variety of diffraction gratings, and either an intensified or an unintensified

silicon diode array detector. The various combinations of these components yield different



useable VUV cutoffs, explaining the inconsistent terminations of the absorption traces in the
figures below. Because of day-to-day variations in the dry N, purge gas pressure inside the
polychromator, and because of the limited spectral resolution and wavelength precision

permitted by our apparatus, we calibrate all the spectra to the vacuum wavelengths of the Hg

lamp calibration lines. We apply a cubic polynomial fit of wavelength vs. pixel element to
account for all nonlinearities (including the dispersion in the index of refraction of the N, purge
gas) in the optical system in one step. We estimate the resulting absolute wavelength errors to be
less than +/- one pixel element, which translates to about +/- 0.1 nm for the 0.3 nm resolution
spectra, and +/- 0.4 nm for the 1.2 nm resolution spectra presented below. _

We determine the thickness of the Rg matrices during the deposition process by back-
reflection interferometry using a HeNe laser and a DC coupled photodiode detector. For the
much thicker pH; solids, we determine the thickness from the intensities of the condensed-phase
induced IR absorptions of the pH; molecules themselves.

We use an excimer pumped dye laser system equipped with a barium beta-borate doubling
crystal as the excitation source in the LIF experiments; this particular crystal's shape limits us to
wavelengths longer than = 207 nm. Detection is accomplished using the OMA system described
above equipped with a gated, intensified silicon diode array detector. IR absorption spectra are
obtained using a Fourier Transform IR spectrometer equipped with a glowbar source, a KBr
beamsplitter, and a liquid nitrogen cooled HgCdTe (MCT) detector; this spectrometer is capable
of = 0.1 cm™ FWHM resolution.

III. Results and Discussion
- A. Ne, Ar, Kr, and Xe hosts

Figure 2 shows survey spectra of laser ablated boron species trapped in Ne, Ar, Kr, and Xe
matrices. The B/Ar spectrum shown in trace (b) includes the previously reported B atom T
absorptions near 208 and 214 nm, and B, absorptions near 320 and 330 nm, and the observed but
unassigned progression of very weak peaks in the 260 to 300 nm region;3 " however, the strong
peaks observed in the VUV region are novel. The spectra in Ne, Kr, and Xe hosts are all new; a
comparison reveals a definite trend of increasing red shifts for most spectral features in the
matrix host sequence Ne — Ar — Kr — Xe, and immediately suggests a few extensions of the

original B/Ar and By/Ar assignments. Most of the peaks in the 200 to 250 nm region are likely




due to B atom transitions (vide infra); peak positions are summarized in Table I, along with gas-
phase B atom transition energies.”’ However, there appear to be complications due to secondary
trapping sites and overlapping by portions of the VUV absorption band, particularly for the Xe
spectrum; thus, some of the assignments are listed in the table as "tentative." The pairs of peaks
spaced by ~ 10 nm appearing in the 315 to 355 nm region are clearly due to the B, (A ’Z,” « X
3Zg') Douglas-Herzberg transition; these results are summarized in Table II, along with the gas
phase B, transition energies.”

Table III is a collection of experimentally and theoretically derived spectroscopic constants
for the ground * Z,, and first few excited 3%, and *[1, symmetry states of ''B,. We direct the
reader to figure 1 of reference [65] for a graphical summary of the associated potential energy
curves. We note that the second electronic state of *IT, symmetry is predicted to have a
minimum near R, ~ 1.47 A and T, ~ 34500 cm™’, with a vibrational frequency near 1300 cm™.
The shift in potential minimum separation of -0.12 A relative to the > Z, ground state suggests
non-negligible Franck-Condon factors for the first few vibrations of the upper electronic state,
starting from v = 0 in the ground state.

Table IV gives a summary of the observed peak positions in Ne, Ar, and Kr matrices,
along with our proposed assignment to the (2) °IT, « X ° L, transition which is based on the
good agreement with the theoretical predictions for the (2) 3, state. We give values for AGy+1/2,
but the large experimental uncertainties (~ 30 cm™) preclude any analysis of the anharmonicity
of the (2) ’I1, potential. We note that the matrix dependent shifts of the Douglas-Herzberg and
)M, « X3 %, transitions are quite similar. We will report the results of dispersed LIF
experiments on the (2) [T, & X 3 Z, system in Ne matrices upon completion of our analysis.

Figure 3 shows absorption spectra in (a) Ne and (b) mixed nD,/Ne matrices, along with (c)
the Schumann-Runge absorptions of O, in laboratory air (which is included to illustrate the .
instrumental capabilities: the positions of the band heads all appear within +/- 0.1 nm of the
literature values for spectra obtained at a comparable resolution’). Since the features in the
VUV band exhibit a variable intensity relative to the B atom peaks in the 200 to 220 nm region,
we can exclude B atoms as the carrier for the VUV band. Unfortunately, we were unable to
perform any controlled annealing experiments on these samples to see if the complicated

lineshapes in the VUV band could be attributed to '°B - ''B isotopomers, or to multiple trapping



sites or some other structural inhomogeneity. Table V includes the peak positions for the VUV
band in Ne, Ar, and Kr hosts. The spacings between adjacent peaks average to = 950 cm'l,.
which does not exclude a transition to a higher lying excited electronic state of B,.

We typically encountered severe optical scattering losses 'in spectra of B/Kr and B/Xe
matrices. The caption to figure 2 describes how we correct those survey spectra by subtraction
of the wavelength dependent losses observed in undoped matrices. Due to this complication, we
limited our annealing studies to boron doped Ne and Ar matrices. Figure 4 shows the effects of
annealing on the B atom absorptions in a Ne matrix. The peak at 205.4 nm disappears upon
warming to T = 10 K, so we assign it to B atoms isolated in a secondary, less thermally stable,
trapping site. Thé peaks at 207.4 and 215.4 nm appear to anneal away at comparable rates,
which supports the contention that both are due to B atoms in the same trapping site.

Figure 5 shows the effects of annealing on the B, (A 3T, « X 3Zg') Douglas-Herzberg

| ~ absorptions in a Ne matrix. The complicated structure in each absorption peak is due to a

combination of '°B - ''B isotopic shifts and the existence of multiple trapping sites for the B,

- molecules. We note the qualitativé similarities between lineshapes in as-deposited B/Ne sampleé
for the Douglas-Herzberg and VUV bands. We are tempted to see this similarity as evidence
that the VUV band is an absorption to a higher lying electronically excited state of B,. However,
the absolute magnitudes of the splittings and linewidths differ by a factor of =~ 6, diluting the

- value of this comparison in assigning the carrier of the VUV band.

Figure 6 shows the effects of annealing on the VUV band and B atom absorptions in an Ar
matrix. The peaks at 208.4 and 213.9 nm appear to anneal away at comparable rates. The inset
shows that the integrated intensity of the 208.4 nm peak correlates very well with that of the -
213.9 nm peak, regardless of sample preparation conditions or annealing history. We thus assign
the two peaks to two different electronic transitions of B atoms in the same trapping site,

contradicting the original assighment to a single electronic transition of B atoms in two different

trapping sites.” We assign the 213.9 and 208.4 nm peaks to the matrix perturbed 2s°3s(*S) «
25*2p(*P) and 2s2p’(*D) « 25?2p(*P) B atom absorptions, respectively. The ratio of the gas
phase absorption intensities of these transitions is about 1.5:1,” in reasonable agreemeﬁt with the
1.25:1 ratio we calculate from the slope of the correlation plot in figure 6.

These assignments reflect our expectation that the 2s?3s(*S) « 2s*2p(*P) B atom

"Rydberg" absorption should experience a large gas-to-matrix blue shift by virtue of the change
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in principal quantum number, and hence increased radial extent, of the B atom valence electron
probability distribution. Increased overlap of this outermost electron with the surrounding
closed-shell Rg perturbers should lead to strongly repulsive B*/Rg interactions at the
internuclear separations sampled by the trapped ground state B atom. In this situation,
application of the Franck-Condon principle results in a strong blue-shift for the "vertical" optical
absorption. In contrast, the 232p2(2D) «— 2522p(2P) B atom transition involves the excitation of a
"core" 25 electron into a partially occupied 2p valence orbital. In this case the radial extent of the
B atom electron distribution does not increase significantly, so we would expect the B*/Rg and
ground state B/Rg interactions to be qualitatively similar; vertical transitions between these
"nested" potential energy surfaces should result in smaller gas-to-matrix shifts. The observed
trend of decreasing gas-to-matrix blue shifts in the matrix host sequence Ne — Ar — Kr — Xe is
thus consistent with the corresponding increase in the volume of a single substitutional vacancy.
Our previous attempt at testing this simple picture quantitatively, via Monte Carlo
‘simulations of B/Ar absorption spectra, correctly predicts a single absorption peak for the matrix
perturbed 2s23s(ZS) « 25%2p(*P) transition*’ G e@the matrix environment cannot break the
Kramers degeneracy” of the %S state). However, the largest calculated gas-to-matrix blue shift
of +2500 cm’’, obtained for the B atom in a single substitutional site, badly underpredicts the
experimentally observed +6700 cm™ blue-shift. We believe this discrepancy is due to the
inadequacy of our first order degenerate perturbation theory treatment®*®! of the excited B*/Ar
interactions. The relevant B-Ar 25" potential (correlating to the B 2s%3 s(%S) + Ar (*S)
asymptote) exhibits a complicated behavior which "reflects a subtle interplay between electron
correlation and the polarization of the B-Ar charge distribution."*® Specifically, the potential
curve exhibits a global minimum near Rp_ar = 2.2 A bound by ~ 1100 cm™, a barrier near Rg s, ~
3.8 A of ~ 180 cm™, and a second minimum near Rg.s; ~ 7 A with a ~ 10 cm” binding energy.
The barrier occurs very near the 3.76 A nearest neighbor separation in solid Ar. Hence fora B
atom in a single substitutional site (twelve nearest neighbors) our model predicts a gas-to-matrix
blue shift for the 2523s(2S) « 2s*2p(*P) transition of ~ 12 x 180 cm™ = 2160 cm™ (the actual
calculated value includes the effects of structural relaxation away from the ideal lattice).
It thus appears that simulating the absorption spectrum of the B/Ar matrix system will
require a more sophisticated treatment of the excited B*/Ar interactions. A new theoretical

formalism, capable of including the contributions from higher lying B*-Ar diatomic states as



well as the effects of many-body interactions within the Ar solid, is currently under
'development.sz Efforts are underway to apply this formalism to optical absorptibns in AVAr
clusters and solids, with promising preliminary results.® If successful, this approach will be
‘applied to B/Ar system.

In contrast to B-Ar, the B-Ne 2= potential correlating to the B 2s?3s(*S) + Ne (*S¢)
asymptote shows a monotonically increasing repulsion with decreasing B-Ne separation, with
only a hint of a flat "shelf" region.*® For Rg.e = 3.16 A (the nearest neighbor separation in solid
Ne) the repulsion amounts to ~ 340 cm™ per B-Ne pair. In this case, for a B atom in a single
substitutional site, our model predicts a gas-to-matrix blue shift for the 2s23s(2S) « 2s?2p(*P)
transition of ~ 12 x 340 cm™ = 4080 cm™, in somewhat better agreement with the observed
+6390 cm™ shift. 'Similarly, the interaction potential correlating to the B 25*3s(*S) + pHa (12g+)
asymptote also shows a monotonically increasing repulsion with decreasing B-pH;
separation.***! As demonstrated in the following companion manuscript,’> in this case a first-
order degenerate perturbatibn theory treatment of the B*/pHj excited state again suffices to
correctly predict the approximate gas-to-matrix blue shift and linewidth of the matrix perturbed
B atom 253s(%S) <« 25*2p(®P) transition. | |

B. pH; and nD; hosts

Figure 7 shows the effects of annealing on the B atom absorptions in a nD; matrix. We
tentatively assign the unresolved peaks at 204 and 207 nm, and the shoulder at 214 nm, to the
same B atom transitions observed in Rg solids. Due to problems with strong optical scattering
by the matrix host, we have only performed a handful of boron depositions in thin (1 to 10 um)
nD, and nH; matrices, so we are unwilling to draw many definite conclusions from such a
limited data set. However, with this caveat in mind, we do note the complete absence (to date)
of the Douglas-Herzberg B, absorptions in nD; matrices, even in spectra of other samples (not
shown) which span the entire 200 to 400 nm region. This is surprising, especially in light of a
preliminary report of the observation of B in solid nD, via ESR.} Our B/nD, matrices were
produced using ablation and deposition conditions that result in strong B, absorptions in Rg
matrices. Our observations raise the interesting possibility that B, molecules are either

chemically unstable, or cannot be formed by recombination of B atoms, in hydrogen solids.




We recently reported the UV transmission spectrum of a 1 mm thick B/pH; sample
produced using our rapid vapor deposition technique.™ This spectrum shows a greatly improved
signal:noise ratio over our initial effort.>® Figure 8 shows absorption spectra of two B/pH,
samples produced via rapid vapor deposition and laser ablation in the TASSPI geometry; for
trace (a) the ion-rejection magnets are absent during deposition, for trace (b) they are present
between the ablation target and deposition substrate. Both samples are slightly over 2 mm thick,
yet are transparent through most of the UV region. Spectra of pure pH; solids deposited under
these conditions do not show the sloping baseline in the 180 to 240 nm region apparent in these
traces. This suggests that the increasing absorbance at shorter wavelengths is due to a real
electronic absorption, and not to scattering by the matrix host. We assign the peaks at 216.6 and
208.9 nm to the matrix perturbed 25735(%S) « 2s*2p(*P) and 252p*(°D) « 2s%2p(*P) B atom
absorptions, respectively. This assignment is based on comparison with the B/Rg spectra
presented above, and on the theoretical simulations of the B/pH, 25%35(%S) « 25%2p(°P)
absorption lineshape described in the companion manuscript.’? The ratio of integrated
absorption intensities of the 208.9 and 216.6 nm peaks is about 1.4:1, in good agreement with the
1.5:1 ratio of literature values.”’

The observation that the B atom absorptions in trace (8a) are significantly larger than in
trace (8b) shows that nascent laser ablated B” ions are contributing to the final yield of B atoms
isolated in the sz solid. The process of ion deposition and subsequent neutralization to yield
isolated atoms has been demonstrated previously for Ti" and Na" ions in Ar matrices.®%5 The
closed-shell B ions are actually less reactive (for small impact parameter encounters) with H,

\ molecules than are the B atomic radicals; the ion-molecule reaction exhibits a barrier of ~ 25000 \/

P gr%@vhereas the barrier to the B atom + H; reaction is calculated as ~ 5000 em’! 429

g (yg Figure 9 shows the LIF emission spectrum of a B/pH, sample excited at 217.0 nm; the L
emission centroid occurs near 249.6 nm and the linewidth is ~ 280 cm™ FWHM. Aside from a ~
300 times weaker feature centered at 266 nm (= 600 cm™ FWHM), no other emissions are
observed over the 240 to 360 nm region. We observe the exact same peak wavelength and
lineshape for the main emission feature for excitation laser wavelengths throughout the 207 to
220 nm region. This single sharp emission feature coincident with the position of the gas-phase

B atom resonance line is further evidence that the 208.9 and 216.6 nm absorptions are due to

10



isolated B atoms. The negligible gas-to-matrix shift and narrow linewidth implies that the B
atom experiences minimal interactions with the pH; host during the emission process.

We observe a strong decrease in the B atom emission intensity after just a few hundred
excitation laser pulses; figure 10 depicts the accompanying photobleaching of the B/pH,
absorptions. Trace (10c) shows the "photobleaching difference spectrum," which is cleanly
compensated for the noticeable optical scattering losses observed in this particular matrix. Both
the 208.9 and 216.6 nm peaks, and the sloping baseline in the 180 to 240 nm region, all decrease
in intensity simultaneously, consistent with their all being due to the same species. In the gas-
phase B-H, complex, optical excitation to the 2s*3s(*S) B atom state does not lead to chemical
reaction,’ whereas excitation to the 252p2(2D) B atom state leads to chemiluminescence from
excited BH produc‘kcs.44 Perhaps due to the large gas-to-matrix blue-shift of the 2s*3s(*S) «
25*2p(*P) transition, this distinction may no longer hold in the pH; solid. It is also conceivable
that B atoms may be lost to photo-induced mobility and recombination. However, since none of
the traces in figure 10 show any hint of the B; Douglas-Herzberg absorptions, it appears that if
any B, molecules are formed by B atom recombination, then they do not survive in solid pHo.

Figure 11 shows IR absorption spectra of the sample depicted in Figures 9 and 10, 'in the
vi7 band region of B,Hs. The three strong peaks at 1596.7, 1599.0, and 1601.1 cm™, all exhibit
instrument limited linewidths of ~ 0.1 cm™ FWHM. The relative integrated intensities of these
peaks are 0.643:0.314:0.043, in good agreement with the 0.644:0.317:0.039 values predicted for
“B2H6:1°B“BH6:1°B2H6 isotopomers present at natural isotopic abundance.® The observed
shifts upon single and double '°B substitution of +2.3 and +4.4 cm’’, respectively, are in
excellent agreement with the gas phase values of +2.249 and +4.41 cm™.%%"!

We estimate the number densities of isolated B atoms, Np, from the integrated observed
atomic absorptions using the relationship® (in SI units):

e2

2.303 [yana logio(Io/T) dA = — Np d Ao’ fix (1)
4e,m

Oec

in which: e is the elementary charge, ¢ is the permittivity of vacuum, m, is the electron mass, ¢
is the speed of light, A, is the absorption wavelength, fi is the atomic absorption oscillator
strength, and d is the measured sample thickness. Actually, since the 25%35(%S) « 25*2p(*P) and
252p2(2D) « 2322p(2P) B/pH; absorptions overlap, We integrate over-both bands simultaneously
-and replace the term Ao fiy in eqn. (1) with the sum (?»02 fie + Ao ) for the two transitions. We
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estimate the number densities of trapped B,Hg molecules, Ngaye, from the observed IR spectra

using an integrated form of Beer's Law:"

2.303 foand logro(o/T) dV = N§2H6 d Jand tBoms(V) dV ()

A
in which: N, is Avogadro’s constant, and foand 0tBane(V) AV is the integrated vibrational
absorption coefficient for the vi7 mode. These number densities are normalized by the number
density of the pH; host at liquid helium temperatures, ® and the resulting concentrations reported
in units of parts-per-million (PPM).

From the spectra in figures 10 and 11, and using gas-phase values for the various intrinsic
atomic’’ and molecular’® absorption parameters, we estimate the initial concentrations of B
atoms and B,Hg molecules in the as-deposited sample as ~ 1 and 3 PPM, respectively; after
photobleaching the concentrations are ~ 0 and 4 PPM, respectively. Keeping in mind the large
intrinsic strength of the B,Hg v)7 transition (integrated absorption coefficient = 650 km/mol)*
and the low dopant concentrations involved, we do not detect any IR absorptions attributable to
other reaction products'’ in these photobleaching experiments. The observed 1 PPM growth of
B,H; at the expense of only 'a 1 PPM decrease in B atom concentration suggests either: (a)
formation of B,H via photolysis of another additional (invisible) B containing precursor species,
or (b) significant uncertainties in our concentration determinations for the two species. We are in
the process of investigating the details of the photochemistry of our B/pH, samples, in
conjunction with our on-going IR studies. '

Figure 12 shows a summary of the B/pH; absorption, photobleaching, and emission
lineshape data, presented to facilitate comparison with the results of theoretical simulations. The
spectra have been converted from distributions in wavelength, I(X)dA, to distributions in
wavenumber, I'(V )dV, including re-scaling of the intensities by a multiplicative factor of AZ (the
Jacobian of the A — V transformation). The minor differences between the direct absorption
and photobleaching lineéhapes give a measure of the experimental uncertainties in these data.

Figure 13 is a schematic depiction of B atom 25*3s(*S) <> 25*2p(*P) photodynamics in
B/pH, samples. This picture is loosely based on the well established photodynamics of Rydberg
transitions of NO molecules trapped in solid pH,.7*" The relative positions of the minima of the
B/pH, potential energy surfaces are qualitatively correct, as per the known B-H, pair potentials
and gas-phase spectroscopy.’*® The configurational coordinate represents the radial "breathing"

12
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motion of the nearest neighbor pH, molecules; the dotted lines are meant to convey the overall
confining influence of the pH, bulk. The photocycle begins with the trapping cage in the
equilibrium‘geometry appropriate for a ground state B atom. Vertical photo-excitation accesses
repulsive regions of the B*/H; potential energy surface, resulting in a strongly blue-shifted
absorpﬁon. The B* excited state survives on a nanosecond timescale, long enough for the
nearest neighbor pH, molecules to relax away, resulting in nearly un-shifted emission in the

enlarged trapping site "bubble.”

Iv. Conciusions _

We assign absorption features observed in the 200 to 250 nm region in spectra of boron
doped pH,, nD,, Ne, Ar, Kr, and Xe solids to electronic transitions of isolated B atoms. Large
ga‘s-td-matrix blue shifts, ranging from +3000 to +7000 cm’, are observed for the 25%3s(*S) «
2sz2p(2P) B atom Rydbérg transition. Much smaller shifts are observed for the 252p2(2D) «
25*2p(*P) B atom core-to-valence transition. -

We observe électronic absorptions of B, molecules in Rg matrices only. Pairs of peaks
spaced by ~ 10 nm in the 315 to 355 nm region are assigned to the B, (A >%, « X 3Eg')
Douglas-Herzberg transition. A progression of weak peaks' in the 260 to 300 nm region is
assigned to the B (2) *I1, «X *%, transition. We report a novel progression of strong peaks in
the VUV region which we suspect are due to 'Bz molecules, but which remains unassigned.

We observe trapping of B atoms in nD, and pH, matrices, but no signs of isolated B,
molecules. Depositions employing our TASSPI ablation geometry demonstrate that laser ablated
B" ions contribute to the yield of trapped B atoms. The peaks at 216.6 and 208.9 nm obéerved in
absorption spectra of B/pH, solids are assigned to the matrix perturbed 2s23s(%S) « 2s*2p(*P)
and 2s2p2(2D) “«~ 2322p(2P) B atom absorptions, respectively. LIF emission spectra of B/pH;
solids show a single line at 249.6 nm, coincident with the gas phase wavelength of the 2s*3s(*S)
— 25%2p(*P) B atom emission. UV laser irradiation results in photobleaching of the B atom
emission and absorptions, accompanied by the formation of B,Hs. The B atom photobleaching
lineshape exactly matches the B atom absorption lineshape.

In B/pH, depositions employing laser ablation of solid boron, only about 15 % of the

spectroscopically detected boron survives as isolated B atoms, with the remainder reacting to

.13



produce B,Hg. This suggests that we will require a "milder" source of B atoms if we hope to

succeed in increasing the concentrations of isolated B atoms to the ~ 1 % level, and beyond.
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Tables:

Table I. Electronic absorptions of B atoms isolated in as-deposited (as-dep.) and annealed
matrices. Shown are vacuum wavelengths (nm), wavenumbers (cm'l), and gas-to-matrix shifts
AEgn(cm™) = Emarix - Egas. Gas phase data from ref. [77].

| 2s2p’(*D) « 2s2p(*P) | 25235(%S) « 2s2p(*P)

matix | Ma(am) V(em') AEgm(em™)|  Awm(m) V(em”) AEgm(cm™)

gas phase 20896 47856  NA 24975 40040  NA

pH, 2089 47870  +10 2166 46170  +6130

Dy asdep. 2042 49000  +1100 2077 48300  +8260

214*7 46700  +6700

Ne,asdep.  2054* 48690  +830 2154 46430  +6390
2074 48220  +360 | »

Neamealed 2074 48220  +360 - 2160 46300  +6260

Ar, as dep. 208.4 47980  +120 2139 46750 +6710

- 223.0%7 44840  +4800

Ar,annealed  208.5 47960  +100 2140 46730  +6690

Kr, as dep. 2103 47550  -310 267 44110 +4070

235.8%7 42400  +2360

Xe,asdep. 2119 47190  -670 231.9 43120 +3080
219.8%2 45500 2350 252.6%7 39590  -450

~ NA - not applicable.
* - secondary trapping site.
? - tentative assignment.
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Table II. Douglas-Herzberg ((2) *T, « X 3‘1.“.,;’) absorptions of B, molecules isolated in as-
deposited (as-dep.) and annealed matrices. Shown are the vibrational assignments, vacuum
wavelengths (nm), wavenumbers (cm™), and gas-to-matrix shifts AEgm(cm'l) = Ematrix ~ Egas;
AG1 (cm™) is the first vibrational separation in the upper state. Gas phase data from ref. [59].
The gas phase averages are calculated assuming natural isotopic abundance ratio of '°B:!'B =
1:4, and hence '*B''B:"'B, = 1:2.

matrix band Mac(mm) 7 (cm™)  AEg(cm™) AGyp (em™)
gas phase ''B''B 1-0 31472.1 NA 954.5
0-0 30517.6
gas phase !'B, 1-0 31450.6 NA 932.2
0-0 30518.4
gas phase average 1-0 31458 NA 940
0-0 30518
Ne, as dep. 1-0 3172 31530  +70 950*
317.8 31470 +10
0-0 327.0 30580  +60
327.6 30520 0
Ne, annealed 1-0 3172 31530  +70 950*
0-0 327.0 30580  +60

3273 30550 +30
327.8 30510 -10

Ar, annealed 1-0 320.4 31210  -250 950
0-0 330.5 30260  -260

Kr, as dep. 1-0 324.4 30830  -630 960
0-0 334.8 29870  -650

Xe, as dep. 1-0 3322 30100  -1360 950 o
0-0 343.1 29150  -1370

NA - not applicable.
* - AGyy; calculated from similar features in each band; see lineshapes in Fig. 3.
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Table III. Summary of avmlable expenmental (expt.) and theore’ucal (theo.) spectroscoplc
constants of the ground Zg , and excited 3%, and °T1, states of ! IB,.

state Re (A) T.(cm™) . (cm™) source

X%%, 159 0 10513 DH (1940), expt.
1.622 0 989 DL (1978), theo.
1590 0 10527  BDN (1982), expt.
1.594 0 1058 BW (1989), theo.
1.600 0 1041 LB (1991), theo.
1.595 0 1064 HKG (1992), theo.

()L, 1744 3300 816 BW (1989), theo.

. - 1.764 3380 806 LB (1991), theo.
1.734 3470 848 HKG (1992), theo.
1.744 818.00 BC (1994), expt.

)’z 1.565 14829 1104 - DL (1978), theo.
- 1544 14415 1188 LB (1991), theo.
1.545 15200 1189 HKG (1992), theo.

)’z 1.625 30573 937.4 DH (1940), expt.

1.660 31438 885 - DL (1978), theo.
1.625 305744 9372 BDN (1982), expt.
1.647 31091 926 LB (1991), theo.
1.599 30000 965 HKG (1992), theo.

@°, 1465 34600 1346 BW (1989), theo.
1471 34875 1322 LB (1991), theo.
1.478 34500 1318 HKG (1992), theo.
1.458 BC (1992), expt.

), 1.725 44769 1116 LB (1991), theo.
1.744 43800 1020 HKG (1992), theo.

DH (1940) - ref. 58.
DL (1978) - ref. 63.
BDN (1982) - ref. 59.
BW (1989) - ref, 64.
LB (1991) - ref. 65.
HKG (1992) - ref. 66.
BC (1992) - ref. 61.
BC (1994) - ref, 62.
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Table IV. Proposed (2) 1, « X 3Zg' absorptions of B; molecules isolated in as-deposited
matrices. Shown are the tentative vibrational assignments, vacuum wavelengths (nm), and
wavenumbers (cm™); AGy+1n (cm™) is the difference between adjacent lines in each vibrational

progression.

matrix band Avac(mm) v (em™)  AGysa(cm™)

Ne 3-0 264.2 37850 1290
2-0 273.5 36560 1340
1-0 283.9 35220 1340
0-0 295.2 33880

Ar 3-0 2661 37580 1350
2-0 276.0 36230 1330
1-0 286.5 34900 1320
0-0 297.8 33580

Kr,prog. #1  4-0 259.3 38570 1330
3-0 268.5 37240 1290
2-0 278.2 35950 1360
1-0 289.1 34590 1370
0-0 301.1 33220

K, prog. #2 - 2654 37680 1360

275.3 36320 1280
285.4 35040 1370
297.0 33670
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Table V. Unassigned VUV absorptions in as-dep051ted B/Rg matrices. Shown are vacuum
wavelengths (nm), and wavenumbers (cm™); AGy+12 (cm™) is the difference between adjacent
lines in the apparent vibrational progression.

matrix Mac(@m)  (emD)  AGyiin(em™)

Ne, prog. #1 180.2 55490
183.3 54560 930
186.6 53590 970

Ne, prog. #2 181.4 55130
184.6 54170 960
187.9 53220 950

Ar. 179 55870
182 54950 920
185.5 53910 1040
188.8 52970 940
1924 51980 990

Kr - 184.6 54170
187.7 53280 890
1911 52330 950
194.5 51410 920
198.4 50400 1010
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Figure Captions:
FIG. 1. Experimental Diagrams.

FIG. 2. Survey optical absorption spectra of (a) B/Ne, (b) B/Ar, (c) B/Kr, and (d) B/Xe matrices;
instrumental resolution ~ 1.2 nm FWHM. The triangles indicate the wavelengths of a few well-
known gas-phase B atom and B; molecular transitions. All four depositions employ the CLOSE
geometry using a focused XeCl ablation laser (Aap; = 308 nm) operating at a repetition rate of 5
Hz. Trace (a) is for a 3 p thick B/Ne sample at T = 5 K, as deposited under the following
conditions: ablation intensity @ ~ 3x10° W/em?, pulse energy = 15 mJ/pulse, deposition time
tgep = 10 min, Ne flow rate Fy. = 1.1 mmol/hr; the absorbance is scaled by a multiplicative factor
of 2. Trace (b) is for a 6 p thick B/Ar sample at T = 10 K, as deposited using: ®q ~ 5x10°
W/cmz, 27 ml/pulse, tgep = 10 min, F; = 1.2 mmol/hr. Trace (c) is for a 14 p thick B/Kr sample
at T =20 K, as deposited using: Dy ~ 4x10° W/cmz, 20 mJ/pulse, tgep = 20 min, Fx,=1.3
mmol/hr; we correct for optical scattering by the Kr host by subtracting the absorbance spectrum
of a 13 p thick pure Kr sample. Trace (d) is for a 4 p thick B/Xe sample at T =30 K, as

- deposited using: @, ~ 7x10® W/em?, 30 ml/pulse, tgep = 10 min, Fx. = 0.6 mmol/hr; we correct

for optical scattering by the Xe host by subtracting the absorbance spectrum of an 8 p thick pure

Xe sample.

FIG. 3. Optical absorption spectra of (a) B/Ne, (b) B/10%nD,/Ne matrices, and (c) Schumann-

Runge bands of O in laboratory air; instrumental resolution ~ 0.3 nm FWHM, no correction is

made for optical scattering by the matrix hosts. Both matrix depositions employ the CLOSE

geometry using a focused XeCl ablation laser (A = 308 nm) operating at a repetition rate of 5

Hz. Trace (a) is for a 1.7 pu thick B/Ne sample at T = 4.5 K, as deposited under the following ~ ==
conditions: @y ~ 3x10° W/em?, 11 mJ/pulse, tgep = 10 min, Fye = 1.4 mmol/hr. Trace (b) is for

a 1.2 p thick B/10%nD,/Ne sample at T = 4 K, as deposited under the following conditions: @y
~3x10® W/cm?, 10 mJ/pulse, tge, = 10 min, Fye = 1.2 mmol/hr.

FIG. 4. Optical absorption spectra obtained during annealing of a B/Ne sample; instrumental

resolution ~ 0.3 nm FWHM, no correction is made for optical scattering by the Ne host. The
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peaks in the 200 to 220 nm region are due to isolated B atoms. Trace (a) is for the 3 p thick
B/Ne sample at T = 5 K, as deposited in CLOSE geometry using: Agp =308 nm, rep. rate =35
Hz, @, ~ 2x10% W/em?, 8 mJ/pulse, tgep = 10 min, Fy = 1.5 mmol/hr. Trace (b) shows the
spectrum at T =7 K, trace (c) at T = 10 K, and trace (d) upon cooling to T =5 K.

FIG. 5. Optical absorption spectra obtained during annealing of a B/Ne sample; instrumental
resolution ~ 0.3 nm FWHM, no correétion is made for optical scattering by the Ne host. The
peaks near 318 and 327 nm are dﬁe to the B; (A T« X 3Zg') Douglas-Herzberg transition.
Trace (a) is for the 12 p thick B/Ne sample at T = 5 K, as deposited in CLOSE geometry using:
Aabl = 308 nm, rep. rate = 5 Hz, @y ~ 2x10° W/em?, 8 mJ/pulse, teep = 30 min, Fe = 1.3
mmol/hr. Trace (b) shows the spectrum at T=7 K, trace (c) at T =10 K, trace (d) upon cooling
to T=5K, trace (¢) at T = 12 K, and trace (f) upon re-cooling toT =5k

FIG. 6. Optical absorption spectra obtained during annealing of a B/Ar.sample; instrumental
resolution ~ 0.3 nm FWHM, no correction is made for optif:al scattering by the Ar host.. The .
peaks in the 180 to 195 nm region are tentafively assigned to B; molecules, the peaks in the 200
to 220 nm region are due to isolated B atoms. Trace .(a) is for the 3 p thick B/Ar sample at T =
10 K, as deposited in CLOSE geometry using: Aan =308 nm, rep. rate = 5 Hz, ®ay ~ 5x10%.
W/em?, 27 mJ/pulse, tdep = 10 min, Fu, =07 mmol/hr. Trace (b) shows the spectrum at T =35
K, and trace (c) upon cooling to T = 10 K. The oscillations in the baéeline are thin-film
transmission interference fringes. The inset shows a correlation plot of the integrated intensities
of the 208.4 and 213.9 nm peaks, including data from 37 spectra of 5 different samples. The
straight line fit has a slope of 1.25, and a correlation coefficient of 0.969.

FIG. 7. Optical absorption spectra obtained during annealing of a B/nD, sample; instrumental
resolution = 0.3 nm FWHM, no correction is made for optical scattering by the nD; host. The
feature near 205 nm is due to isolated B atoms. Trace (a) is for the 7 p thick B/nD, sampleat T
= 3.5 K, as deposited in CLOSE geometry using: A4 = 308 nm, rep. rate = 5 Hz, @ ~ 2x1 08

W/em?, 8 mJ/pulse, tgep = 10 min, Fypy = 1.4 mmol/hr. Trace (b) shows the spectrum at T = 6.2
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K, and trace (c) upon cooling to T = 3.5 K. The oscillations in the baseline are thin-film

transmission interference fringes.

FIG. 8. Optical absorption spectra of two different as-deposited B/pH, samples; instrumental
resolution ~ 0.3 nm FWHM, no correction is made for optical scattering by the pH; host. The
peaks at 209 and 217 nm are due to isolated B atoms; the concentrations of isolated B atoms are
betwegn 0.1 and 1 PPM. Both depositions employ the TASSPI ablation geometry using a
focused XeCl ablation laser (Aap = 308 nm) operating at a repetition rate of 10 Hz. Trace (a) is
for a 2.3 mm thick B/pH, sample at T = 2.4 K, as deposited using: ®ay ~ 6x10% W/em?, 100
s ”

10
A

mlJ/pulse, tgep = 60 min, Fppz = 129 mmol/hr; the ion-rejection magnets are absent. Trace (b) is o
N3
for a 2.2 mm thick B/pH, sample at T = 2.4 K, as deposited using: @y ~ 6x10° W/em?( 105y —m° UJJ

WV\
mJ/pulse, tgep = 60 min, Fyopp = 122 mmol/hr; the ion-rejection magnets are in place. ‘P’

FIG. 9. Laser induced fluorescence spectrum of B atoms in a B/pH; sample at T =2.4 K
instrumental resolution ~ 0.3 nm FWHM. The unfocused dye laser excitation beam is # 3 mm in
diameter; wavelength is 217.0 nm, 120 pJ/pulse, pulse duration ~ 20 ns. The emission is
integrated over a 1 ps wide window, with the excitation pulse occurring within the first 100 ns;
the spectrum is the sum of 100 events. The 0.6 mm thick B/pH, sample is deposited in CLOSE
geometry using: Agp = 308 nm, rep. rate =5 Hz, Oy = 8x10® W/cmz, 21 ml/pulse, tgep = 15 min,
Fom2 = 146 mmol/hr. The triangle shows the position of the gas phase B atom line.

FIG. 10. Photobleaching of the B atom absorptions in a B/pH; sample; instrumental resolution ~

1.2 nm FWHM. The B/pH; sample is the same as depicted above in FIG. 9. Trace (a) is the

optical absorption spectrum of the as-deposited B/pH; sample at T = 2.4 K, trace (b) shows the .-
spectrum following irradiation by ~ 1000 pulses of the excitation laser with Aex; =210 and 220

nm, and trace (c) is the difference (a)-(b).

FIG. 11. IR absorption spectra of the v;7 band region of B,H¢. The sample is the same as
depicted above in FIGS. 9 and 10. Trace (a) is for the as-deposited B/pH; sample at T =2.4 K,
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trace (b) shows the spectrum following irradiation by = 1000 pulses of the excitation laser with
Aexe =210 and 220 nm.

FIG. 12. Comparison of absorption (solid trace), photobleaching (dotted trace), and emission
(dashed traée) lineshapes in B/pH;. The absorption and photobleaching spectra are shifted
vertically to give 0 absorbance at 40000 cm™, then rescaled vertically to give 1.0 absorbance at
the peak near 48000 cm™. |

FIG. 13. Qualitative schematic of B atom 25*3s(>S) < 25?2p(*P) photodynamics in B/pH,

samples.
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